Thermal properties of sweet potato were experimentally determined and modeled as a function of temperature and moisture content. The purpose is to develop empirical correlations that could predict thermal properties during sweet potato processing. Thermal conductivity from the study was 0.49 ± 0.038 Wm -1 K -1 (mean ± s.d.), thermal diffusivity was 1.2 ´ 10 -7 ± 9.05 ´ 10 -9 m 2 s -1 , specific heat was 3660 ± 477.4 Jkg -1 K -1 , and density was 1212 ± 73.5 kgm -3 . All properties were determined within temperature range of 20 to 60°C and moisture content range of 0.45 to 0.75 w.b. Prediction models for the thermal properties of sweet potato were developed as a function of product temperature and moisture content with experimental data from this study. Mechanistic models were also developed for thermophysical properties of sweet potato using major food components of the product. Developed models were all presented and compared.
INTRODUCTION
Sweet potato (Ipomoea batatas) is an important vegetable. It is not particularly related to the regular potato that is sometimes called the Irish potato to distinguish it. The two crops are from different families. Sweet potato is very nutritious. In rating 58 vegetables by adding up the percentages of recommended daily allowance (RDA) for 6 nutrients (Vitamin A and C, folate, iron, copper and calcium) plus fiber, the Nutrition Action Health Letter rated sweet potato the highest with a whopping 582 points. Its nearest competitor, a raw carrot came in at 434. [1] The Centre for Science in the Public Interest also rated the relative nutritional value of common vegetables and once again, the sweet potato came out on top with a score of 184, as compared with a similarly prepared regular potato, which scored only 83 points. [1] Sweet potato is a popular staple food universally. It enjoys immense and increasing popularity in North and South America, Asia, and Africa. [2] The knowledge of thermal and physical properties of the food is essential for thermodynamic research and modeling the heat treatment of foods including vegetables. This is because the properties, to a large extent, determine the rate of the heat transfer process. Previously, constant average values of thermal properties were used in analyses of food range of 13 to 16°C and relative humidity of 85 to 90% to maintain its quality. [2] The tubers were manually peeled with a hand peeler and then cut into cylinders using a cylindrical bore and a knife. Samples diameter was 4 cm and 6 cm height. A cylindrical sample holder was designed for this experiment. It is made up of two parts: the cylindrical container in which the sample is to be placed which is made of stainless steel and the cap to cover the container which is made of Teflon. A small hole was drilled on top of the cap through which the probe was inserted into the sample.
Thermal Conductivity and Thermal Diffusivity
Thermal conductivity and thermal diffusivity were measured using KD2 thermal properties analyzer (Decagon Devices Inc., Pullman, USA). It was based on a transient method of thermal properties determination. The equation describing the working principle of the KD2 is described below:
where T is final temperature (°C); T 0 is initial temperature before heating (°C); q is heat produced per unit length per unit time (Wm −1 ); k is the thermal conductivity of the edium (Wm −1°C−1 ); t is time (s); g is Euler's constant (0.5772…); r is radial distance from the probe to the point where temperature is being measured (m); and a is thermal diffusivity (m 2 s −1 ).
Sweet potato sample was placed inside the sample holder and covered with the cap. The holder was then held by a retort stand inside an agitated water bath (Thermomix 1441, B. Braun Instrument San Francisco, CA) that was preset at 20°C ( Figure 1 ). The sample was held this way for about 15 min to equilibrate. A thermocouple probe was used to check the temperature of the sample until a stable reading was obtained for the sample. The KD2 was inserted into the sample and the sample was allowed about 10 more minutes to equilibrate. The KD2 was switched on at this stage, and thermal conductivity, thermal diffusivity, and product temperature were recorded. The process was repeated for 30, 40, 50, and 60°C and four other sets of results were recorded for thermal conductivity, thermal diffusivity and product temperature. For higher temperatures (40 to 60°C), the packed sample was first heated in a microwave oven (Panasonic NN-5553C, Matsushita Corporation, Franklin Park, IL) for 20 to 40 seconds depending on the desired temperature. The power setting of the oven was adjusted to the maximum, 800 W. The sample was then transferred to the water bath and allowed about 20 to 40 min to equilibrate before the reading was taken. Moisture content of the sample was determined by oven method after each experiment to confirm the previous value measured. To simulate an infinite medium, using a specific heat estimate of 3500 Jkg −1 K −1 for sweet potato at 20°C, the radial distance r, at which (T-T 0 ) from Eq. (1) is zero over a test time of 100 s is 0.51 cm. The radius of our sample was 2.0 cm which is therefore adequate for this purpose. This is also greater than the least value of 0.5 cm required to minimize error due to finite sample diameter using our probe. [4] Prior to determining k of sweet potato, KD2 was calibrated by determining the k of agar at room temperature. Agar is a polysaccharide that has very similar thermal properties with water. The ratio of determined k for agar to the theoretical k value found in literature was used as the calibration factor for our experiment.
Material Density
Material density of samples was measured with a Gas-pycnometer (Multipycnometer, Quantachrome Corporation, Boynton Beach, FL), which uses gas of very small atomic size as the displacement medium. The very small atomic size of the gas ensures total penetration of the material pores. The pycnometer measures the volume of the sample which was then adjusted with the mass of the sample to give the material density of the product. The operational equation of the pycnometer is given below:
where V P is volume of sample to be determined (cm 3 ); V C is volume of sample cell (cm 3 ); P 1 is pressure after pressurizing the reference volume only (Pa); P 2 is pressure after including V C . (Pa); and V R is reference volume (cm 3 ). Prior to determining the material density of sweet potato, the pycnometer was calibrated by determining the reference volume, V R , and the sample cell volume, V C . This was done by supplying 20 psi of gas to the sample cell when it contained a steel sphere of known volume and also when it was empty (contained no sphere) and then measuring two pressure values each from the sample cell and from the reference volume. Calibrated V R and V C were given by the following equations:
THERMAL PROPERTIES OF SWEET POTATO 707 and where V C =volume of sample cell; V R = reference volume; V S =volume of sphere (cm 3 ), P 1 ′=pressure from the reference volume without steel sphere inside (Pa); P 2 ′=pressure from the reference volume and sample cell volume without steel sphere inside (Pa); P 1 =pressure from the reference volume with steel sphere inside (Pa); and P 2 =pressure from the reference volume and sample cell volume with steel sphere inside (Pa). The weight of the sample was measured by a mass balance and the ratio of the mass to the volume given by the pycnometer represents the material density of the sample. The material density was determined within a product moisture content range of 0.45-0.75 wb.
Specific Heat
The specific heat for this study was determined indirectly from the thermal conductivity, thermal diffusivity and the material density previously determined. From the relation:
; and a is thermal diffusivity (m 2 s −1 ).
Moisture Content
Moisture content of the sample was varied by drying in a microwave oven at 800 W. Preliminary test was performed to evaluate moisture loss of the sample versus microwave drying time. Afterwards, samples were heated for the period required to achieve the desired sample moisture content. After heating, moisture content was again determined by oven dry method [12] to confirm the value. Moisture content range used for the study was 0.45-0.75 wb.
Initial Product Temperature
The KD2 thermal properties analyzer simultaneously provides temperature of the sample while determining its thermal properties. Also the water bath has a temperature controller which regulates fluctuations within ± 0.1°C to keep the water and the sample at the required temperature. Initial water bath temperature values used were 20, 30, 40, 50, and 60°C. Product temperatures were measured and used in developing our empirical models.
Data Analysis and Thermal Properties Modeling
Thermal conductivity and thermal diffusivity measurements were made with the KD2, while density measurement was taken with the gas-pycnometer. The data were
analyzed using PROC GLM of SAS for the effect of individual factors and interactions between them. Type 1 error rate was set at a=0.05. We have 2 replications, 4 levels of moisture content and 5 levels of temperature for thermal conductivity and thermal diffusivity experiments (Table 1) . Density was not included in the model to avoid multicollinearity among the variables since density was related to moisture content. The correlation between the density of sweat potato and moisture content was:
where r is density (kg/m 3 ), and m is moisture content, decimal (wet basis).
Comparison with Mechanistic Models with Major Food Components
Thermal and physical properties of sweet potato were determined from the thermal properties of its major components namely carbohydrate, protein, fat, fibre, ash, and water. A previous work [3] was utilised in determining the thermal conductivity, thermal diffusivity, material density and specific heat capacity of pure protein, carbohydrate, fat, fibre, ash and water. Choi and Okos [3] used a modified probe method to determine the thermal conductivity and thermal diffusivity of pure component suspension of each major food component for a solid range of 10 to 60% and a temperature range of 40 to 150°C. The authors also used volumetric pycnometer and differential scanning calorimeter to measure density and specific heat, respectively. The experimental values obtained were then used by them to develop general mathematical models with the weight fractions or volume fractions of major components of foods. Group models were developed for individual properties.
The maximum and minimum of thermal conductivity of a two-phase system as series (two phases are thermally in series with respect to the direction of heat flow) and parallel distribution (two phases are thermally in parallel with respect to the direction of heat flow) was determined [13] and. [14] Series model is represented below:
where ∈ i the volume fraction of ith component phase; k i is the thermal conductivity of ith phase; and k is the effective thermal conductivity of the composite medium predicted by the series model. Both the perpendicular (series) and parallel models were tested in our present study however the parallel model consistently gave higher values, which were also closer to values found in literature for all three of specific heat, thermal conductivity and thermal diffusivity of sweet potato and similar products. This is in agreement with a reported study that the parallel model applies better to non-fibrous materials where thermal properties are not dependent on direction of heat flow. [15] For specific heat, the prediction model in terms of food components [3] presented below was used in our work:
where X i is the weight fraction of ith component phase; C pi is the specific heat capacity of ith phase; and C p is the effective specific heat capacity. Prediction model used for density [3] is:
where X i is the weight fraction of ith component phase; r i is the density of ith phase; and r is the density. Thermal diffusivity for this study was evaluated indirectly from values of thermal conductivity, density and specific heat:
The models developed by the authors [3] were used to predict the variation of food components properties with temperature, while the moisture content in the product was varied within 0.45 to 0.75 w.b. to predict the variation of properties with moisture content of the food. Mass ratio of major food components in sweet potato was obtained from literature [16] and is presented in Table 2 . Volume fractions of the components were developed as a function of temperature and moisture content from the weight fraction and density of the components.
RESULTS AND DISCUSSIONS

Thermal Conductivity
From the experiment, thermal conductivity of sweet potato was 0.49 ± 0.038 Wm − 1 K −1 (mean ± s.d) for temperature range of 20.5-60°C and moisture content range of 0.45 to 0.75 w.b. (Table 3) 
interaction between the factors, m*T were considered. Statistical information for models tested is presented in Table 4 . For moisture content, both linear and quadratic effects on thermal conductivity of sweet potato were significant (p < 0.05) but only linear effect was Thermal conductivity of sweet potato from our mechanistic models with food component mass [3] was 0.30 to 0.41 Wm −1 K −1 for temperature range of 20-60°C and moisture content range of 0.45 to 0.75 w.b. (Table 5 ). Thermal conductivity of sweet potato increased with moisture content and temperature. Both the parallel and perpendicular models from the food component model resulted in a lower value of k when compared with the experimental data but the parallel model gave predictions closer to experimental values. The RMSE (root mean square deviation) between predictive values from the two models and our experimental data were 0.094 for parallel model and 0.115 for perpendicular model. RMSE between the measured data and the empirical model developed from it was 0.005. The simplified regression model with temperature and moisture content developed from parallel model and food composition of sweet potato was:
Three dimensional surface mesh plots of thermal conductivity from both empirical and mechanistic (parallel) models were made for visual comparison (Figure 2 and Figure 3 ).
Thermal Diffusivity
Thermal diffusivity of sweat potato in this study was 1.0×10 −7 to 1.3×10 −7 m 2 s −1 (Table 6 ). This was comparable with 1.1×10 −7 m 2 s −1 reported for thermal diffusivity of sweet potato at 40°C. [17] Linear effects of moisture content, m, and temperature, T on thermal diffusivity of sweet potato (p < 0.05) were significant. The detailed statistical information for the model component is given in Table 3 . The empirical model developed was:
Thermal diffusivity of sweet potato from the food components mass prediction model was 8.7×10 −8 to 1.09×10 −7 m 2 s −1 for temperature range of 20-60°C and moisture content range of 0.45 to 0.75 w.b. (Table 7) . RMSE between experimental data and predictive model was 2.72×10 −8 . RMSE between the measured data and empirical model developed from it was 1. . . . . . R (12) were simplified using regression modeling approach to relate the thermal diffusivity with moisture content and product temperature. The simplified model developed was:
Three dimensional surface mesh plots of thermal diffusivity from both models were made (Figure 4 and 5) . The effect of temperature was predominant as could be seen from the plot and the model.
Specific Heat
For the same range of temperature and moisture content as for thermal conductivity, specific heat of sweat potato was 3660 ± 477 Jkg −1 K −1 (mean ± sd.) results are presented in Table 8 . From statistical analysis, linear effects of moisture content, m, and temperature, T were significant on specific heat of sweet potato (p < 0.05). The detailed statistical result is presented in Table 3 . The empirical model developed was:
The range of specific heat of sweet potato from the food component mass fraction model was 2763 to 3558 Jkg −1 K −1 for the temperature range of 20 to 60°C and moisture (16) content range of 0.45 to 0.75 w.b. (Table 9 ). The simplified mass fraction model with temperature and moisture content developed is:
Two 3-dimensional surface mesh plots of specific heat from both models were plotted ( Figures 6 and 7) . Observations from the models and the plots suggest that the effect of moisture content is predominant in determining C p of sweet potato. RMSE between experimental data and the mass fraction model for C p was 838.2. RMSE between the measured data and empirical model developed from it was 550.
Material Density
Material density of sweet potato was determined and modeled as a function of moisture content. Four moisture content levels of 0.75, 0.65, 0.55, and 0.45 were used. The result from the experiment is presented in Figure 8 and Table 10 . Density was modeled as a function of moisture content, w.b. (Eq. 18). Coefficient of determination (R 2 ) was 0.97 and mean square error (MSE) was 156.1.
Material density of sweet potato from the food component mass fraction model was 1082 to 1218 kgm −3 for the temperature range of 20 to 60°C and moisture content range of Table 11 ). The simplified mass fraction model with temperature and moisture content developed is:
where r is density (kg/m 3 ); T is temperature (°C); and m is moisture content (w.b.). Observation from the result showed that material density of sweet potato reduces with increase in both moisture content and temperature of the product. Regression modeling of our results was first done using exponential functions. We believed this should fit our data best since the kinetics of energy, mass and momentum transfer and reactions is usually in exponential fashion in nature. However the polynomial equation fits better with the data (Table 3 ) and this probably supports why most thermal properties models in literature were polynomial. There could be variation with source in the properties of food component. [3] This means that there could be a difference between the thermal conductivity of carbohydrate extracted from beef and that extracted from potato. Even same crop specie (horse beans) that were grown in different locations exhibit difference in qualitative and quantitative carbohydrate composition. [18] Thermal properties of food materials also depend on any factors that affect the heat flow paths through the material such as percent void spaces, shape, size, and arrangement of void spaces, homogeneity and orientation of fibers. [19] The variation between the thermal properties models derived from major food compositions and the empirical models could be due to any or all of the reasons given above. 
CONCLUSIONS
A study of thermal properties of sweet potato was carried out. Prediction models were developed for thermal properties of sweet potato over various ranges of moisture content and temperature both from experiments and mechanistic models with major food components of sweet potato. For thermal conductivity, thermal diffusivity, and specific heat, the parallel model gave better predictions than the perpendicular (series) model. Thermal properties values from models of major components of sweet potato were generally lower than values from our experiments. We speculate this could be largely attributed to variation between sweet potato and the sources of components used in determining thermal properties models used in this study and also the factors that affect heat flow patterns in both products. The derived models would provide a reasonable estimate of thermal conductivity, thermal diffusivity, and specific heat of sweet potato. It is recommended that more work be done to further investigate the effect of moisture content and temperature on thermal properties of sweet potato at higher temperature values at which point there might be significant moisture migration from the product to environment or measurement sensors during heating and measurement.
